Mitochondria play a central role in apoptosis triggered by many stimuli. They integrate death signals through Bcl-2 family members and co-ordinate caspase activation through the release of apoptogenic factors that are normally sequestered in the mitochondrial intermembrane space. The release of these proteins is the result of the outer mitochondrial membrane becoming permeable. In addition, mitochondria can initiate apoptosis through the production of reactive oxygen species.
Introduction
Mitochondria are organelles that serve a variety of cellular functions, including ATP production, by aerobic metabolism, ionic homoeostasis maintenance, oxidation of carbohydrates and fatty acids, and the regulation of apoptosis. Their dysfunction has been proposed to be involved in several diseases including degenerative disorders. In this chapter, we will emphasize the role played by mitochondria in apoptosis, through the release of apoptogenic factors and the production of free radicals.
Apoptotic pathways engaging mitochondria
Two main apoptotic pathways have been described over the past few years: the death-receptor pathway and the mitochondrial pathway [10] . The first is engaged by death receptors such as TNF or Fas receptors, which, upon binding to their appropriate ligands, form a death-inducing signalling complex. This complex is formed by association of their cytoplasmic death domain, the adaptor protein FADD (Fas-associated death domain) and pro-caspase-8, which is proteolytically cleaved to generate the active enzyme. In type I cells such as T-lymphocytes, caspase-8 then cleaves downstream caspases such as caspases 3 or 7 that execute the cell. In type II cells, such as hepatocytes, caspase-8 cleaves Bid, a BH3 (Bcl-2 homology 3)-only protein whose C-terminal fragment translocates to mitochondria to engage the mitochondrial pathway. Independently of deathreceptor activation, the mitochondrial pathway can also be activated in response to a large number of death stimuli including DNA damage, topoisomerase inhibition or trophic-factor deprivation. This process culminates in the release of mitochondrial proteins from the intermembrane space into the cytosol (Figure 1) .
What are these mitochondrial proteins whose delocalization in the cytosol contributes to apoptosis and what are their mechanisms of action?
The first such protein to be identified was cytochrome c. Using a HeLa cell-free system, Wang's group [7] showed that induction of caspase activity by addition of dATP was dependent on the presence of cytochrome c released during the preparation of the cytosolic extract. Upon dATP and cytochrome c binding, Apaf-1 (apoptotic protease-activating factor 1) undergoes conformational changes, forms a heptamer and recruits and activates pro-caspase-9 [11] .
In addition to cytochrome c, a protein called Smac/Diablo [second mitochondrial activator of caspases/direct IAP (inhibitor of apoptosis protein)-binding protein] [12] was also found to be released. In the cytosol, Smac/Diablo binds to and inhibits IAPs (inhibitors of apoptosis) [13] , which are the physiological caspases 3 and 9 inhibitors, and thereby contributes to the activation of caspases. Another mitochondrial protein displaying a similar action is Omi/HtrA2 [14] , a serine protease that is another IAP inhibitor. AIF (apoptosis-inducing factor) [15] , a flavoprotein with redox activity, and endonuclease G [16] , a protein thought to be a mitochondrial matrix protein involved in mitochondrial DNA replication, are two other proteins that, once released from mitochondria, appear to translocate to the nucleus where they contribute to the cleavage of DNA. The release of AIF and endonuclease G, in contrast to the release of cytochrome c, Smac/Diablo and Omi/HtrA2, appears to be dependent on the activation of caspases, as shown recently in Caenorhabditis elegans, suggesting that they may be involved in the late events of apoptosis [17] . The release of all these apoptogenic factors can only occur because the outer mitochondrial membrane becomes leaky. The mechanisms that lead to permeabilization of the outer mitochondrial membrane are controlled by Bcl-2 family members.
Bcl-2 family members regulate the permeability of the outer mitochondrial membrane
Bcl-2 family members are composed of a group of anti-apoptotic proteins (e.g. Bcl-2 and Bcl-x L ) and a group of pro-apoptotic proteins that display three BH domains, BH 1, 2 and 3 (Bax, Bak and Bok) or only one BH3 domain (BH3-only proteins, e.g. Bid and Bim) [18] . The activity of the BH3-only proteins appears to be regulated at the transcriptional or posttranslational levels ( Figure 2 ).
Transcriptional regulation
Egl1 is a BH3-only protein expressed in C. elegans. Its expression is regulated by various transcription factors including Tra-1A, Ces-1 and Ces-2 [19] . In mammals, the BH3-only proteins Noxa and Puma have been shown to be transcriptionally up-regulated in response to p53, a transcription factor activated by DNA-damaging agents [20] . Other BH3-only proteins, Bim and Hrk, have been also shown to undergo regulation at the transcriptional level in response to activation of the Jun kinase pathway in trophic-factor-deprived neurons [21] .
Sequestration by the cytoskeleton
The regulation of Bim appears complex since another mode of regulation has been described for this protein. In addition to transcriptional regulation, BH3-only proteins can be kept inactive by sequestration by the cytoskeleton. Bim is produced as three alternatively spliced products from the same gene (Bim EL, Bim L and Bim S). Bim S been the most potent death inducer whereas Bim EL and Bim L are less apoptotic because they can be trapped by microtubules through binding with the light chain of dynein LC8, a component of the dynein motor complex [22] . In cells undergoing apoptosis, Bim EL and Bim L detach from the microtubules by a mechanism that is not well understood and appear to interact with the dynein light chain 1 of the actin-cytoskeleton-based myosin V motor complex [22] .
Limited proteolysis and phosphorylation
Bid is activated following cleavage by caspase-8 as described above. Bid cleavage appears to be regulated by protein kinase CKI-and CKII-mediated phosphorylation at the Ser-61 and Ser-64 residues of Bid. Phosphorylation renders the protein less sensitive to cleavage by caspase-8 [23] . This suggests that following activation of death receptors in type II cells, Bid must be dephosphorylated to be cleaved. Bad activity is down-regulated through phosphorylation at different sites by various kinases, including Akt. When phosphorylated, Bad is sequestered by the 14-3-3 scaffold protein and cannot interact with Bcl-2 or Bcl-x L . Following dephosphorylation, as in the case of trophic-factor deprivation, Bad would interact with anti-apoptotic proteins thereby inhibiting their function. The number and the type of BH3-only proteins that intervene in response to a given cell death stimulus is unknown. It is possible that for each death stimulus, whether it is mediated by plasmamembrane receptors (death receptors, for example) or from inside the cell (for example, following DNA damage or dysfunction of an organelle), a battery of specific BH3-only proteins posted at key regions in the cell would selectively intervene to activate the cell-death programme. This would explain why there are so many proteins of this type. Once activated, BH3-only proteins would either interact with and inhibit anti-apoptotic proteins (the case for Bad or Bim) or interact with and activate the pro-apoptotic proteins such as Bax or Bak (the case for Bid). Apoptosis would occur only if the anti-apoptotic proteins are inhibited and, at the same time, the pro-apoptotic proteins activated [24] . The model would also predict that inhibition of anti-apoptotic proteins, without concomitant activation of the pro-apoptotic proteins, would sensitize cells to death stimuli.
Besides BH3-only proteins, recent studies have also shown that two transcriptional activators, p53 and TR3, an orphan receptor from the steroid/thyroid receptor family, have been shown to relocate from the nucleus to the surface of the mitochondria. There they trigger the release of cytochrome c, possibly by directly interacting with Bcl-2 or Bcl-x L as it has been shown for p53 [25] .
In summary, it follows from these studies that the mechanisms leading to activation of pro-apoptotic members such as Bax represent a key event during apoptosis.
Bax activation during apoptosis
In healthy cells, Bax is normally cytosolic, and translocates to mitochondria during apoptosis. Bax appears to be kept inactive in the cytosol thanks to a protein, Ku70, that binds to its N-terminus [26] . In addition to Ku70, Humanin, a protein that is up-regulated in the brain of patients with Alzheimer's disease, also binds to Bax and keeps it inactive in the cytosol [27] . In cells undergoing apoptosis, the dissociation of these inhibitory proteins from Bax would constitute the first of a series of steps leading to Bax activation. This translocation is probably the consequence of conformational changes that result in the exposure of the N-and C-termini of the protein. The three-dimensional structure of Bax revealed that the putative C-terminal transmembrane domain (helix ␣9) is masked inside the hydrophobic core of the protein that consists of eight amphipathic helices clustered around helix ␣5 [28] . The helix ␣9 acts as a mitochondrial localization signal since its fusion to the C-terminus of green fluorescent protein is sufficient to target green fluorescent protein to mitochondria. In order to target Bax to the outer mitochondrial membrane, the helix ␣9 would have to disengage from the hydrophobic pocket. What triggers the conformational change of Bax is still unknown. In addition to BH3-only proteins, such as tBid, other factors are probably required, which we think form a complex with cytosolic factors and at least one mitochondrial protein acting as a Bax-docking site on the outer mitochondrial membrane [29] . Once inserted in the outer mitochondrial membrane or prior to insertion, Bax oligomerizes and triggers the permeabilization of the outer mitochondrial membrane by an as-yet-unknown mechanism, as described later [10] . One of the mechanisms of action of the anti-apoptotic members of the Bcl-2 family, such as Bcl-2 or Bcl-x L , is to prevent Bax insertion and oligomerization. Interestingly, these proteins display their anti-apoptotic action when targeted exclusively to the endoplasmic reticulum. In cells overexpressing Bcl-2, the levels of calcium in the endoplasmic reticulum were lower than normal [30] . How these proteins may regulate calcium homoeostasis of the endoplasmic reticulum and influence mitochondrial dysregulation and apoptosis remains to be clarified.
Theories of outer-mitochondrial-membrane permeabilization
The mechanisms whereby pro-apoptotic members of the Bcl-2 family trigger cytochrome c release remain elusive. Several models have been postulated [10] .
Rupture of the outer mitochondrial membrane
According to this theory, water and solutes enter the matrix during apoptosis, causing swelling of the mitochondria. Because the inner membrane has a considerably larger surface area than the outer membrane, expansion of the inner membrane upon matrix swelling can break the outer membrane. This would cause passive efflux of the whole contents of the intermembrane space into the cytosol. Two models can account for matrix swelling. The first implicates the initial hyperpolarization of the inner membrane that would result from the inability to exchange mitochondrial ATP for cytosolic ADP during apoptosis. This antiport is normally mediated by the VDAC (voltagedependent anion channel) located in the outer mitochondrial membrane and the ANT (adenylate translocator), which resides in the inner membrane. The hyperpolarization of the inner membrane is predicted to result in an osmotic matrix swelling. The second model postulates opening of the PTP (permeability transition pore). This is a high-conductance channel that is mainly formed by the apposition of the VDAC and ANT channels at contact sites between the outer and inner mitochondrial membranes. Opening of the PTP would trigger a sudden increase in the permeability of the outer membrane to molecules of Ͻ1.5 kDa. This event would result in a drop in membrane potential and osmotic swelling of the matrix. In this model, the channel would open following interaction of Bax with ANT.
Cytochrome c-conducting channels A major breakthrough in the understanding of the mechanisms of action of Bcl-2 family members has been the discovery that the structure of Bcl-x L , Bax and Bid is reminiscent of the structure of the transmembrane domain of the bacterial colicin toxins and diphtheria toxin. Because the transmembrane domain of these toxins has been shown to form a pore, it was hypothesized that Bcl-2-family proteins could also be pore-forming proteins. This was confirmed for Bax, Bcl-x L and Bid, which form channels of various conductances across synthetic lipid membranes, the largest ones being formed by Bax. These data suggest that a Bax oligomer (maybe a tetramer), makes a pore large enough to allow the release of mitochondrial apoptogenic factors. Anti-apoptotic proteins could either prevent the formation of the Bax pore or modify the structure of the pore such that it would be unable to allow the efflux of mitochondrial proteins. Another possibility is that Bax may interact with VDAC and stimulate its opening. Finally, it is possible that the insertion of Bax into the membrane alters the lipid bilayer structure, resulting in the formation of either lipidic pores or lipid hexagonal phases that would make the membrane permeable to large proteins.
In summary, there are several hypotheses being advanced to explain the mechanism responsible for the permeabilization of the outer mitochondrial membrane. There is experimental evidence arguing for or against each of these mechanisms, which has been related elsewhere [5, 10] . The possibility that the mechanisms involved in the permeabilization of the outer mitochondrial membrane may vary according to the death stimulus and the cell type hamper the emergence of a clearer picture of this biological process.
Reactive oxygen species
Reactive oxygen species such as superoxide and the hydroxyl radical, generated by mitochondria, are produced as by-products of normal oxidative metabolism [31] . Superoxide is the product of the addition of an electron to oxygen ( Figure 3A ). This product can react with iron-sulphur centres containing enzymes leading to the release of iron. Superoxide is removed rapidly by conversion to H 2 O 2 in a reaction catalysed by superoxide dismutases. The hydroxyl radical is produced from H 2 O 2 in the presence of cupric or ferric ions by the Fenton reaction ( Figure 3B ). It is a very damaging product that causes peroxidation of proteins, lipids and DNA. A question that has generated a lot of interest is whether oxygen free-radical production is central to the process of apoptosis, is central in some apoptotic responses or is just a side effect. Free radicals have been detected in the early stages of apoptosis caused by p53, TNF or growth factor deprivation. However, recent data reported by Ricci et al. [32] suggest that the production of free radicals could occur following permeabilization of the outer mitochondrial membrane and the release of cytochrome c. According to these authors, alteration of complex I of the respiratory chain by caspases is responsible for the generation of free radicals. Blocking caspase activation prevents or delays significantly the generation of free radicals in cells displaying cytochrome c-depleted mitochondria. Although these studies would argue against reactive oxygen species playing a key role in apoptosis, there is no doubt that under certain circumstances, free radicals can also act as signalling molecules and elicit apoptosis. Changes in calcium homoeostasis, or activation of microtubuleassociated protein kinases or nuclear factor B could participate in reactive oxygen species signalling of apoptosis [33] .
Conclusion
In conclusion, mitochondria are endosymbiotic organelles of bacterial origin that are involved in the effector phase of apoptosis. Their apoptotic role is regulated by a family of genes which display, at least in part, structural similarity with bacterial toxins. In addition, various components of the death programme, including cytochrome c and AIF, are also found in bacteria. These findings suggest that apoptosis may have evolved together with the endosymbiotic incorporation of aerobic bacteria into ancestral unicellular eukaryotes. Understanding the mechanisms of action of the components of the apoptosis machinery, in particular the relationship with mitochondrial function, is the challenge for the future. We thank the Swiss National Science Foundation for their support (grant 3100-061380).
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